We present B and I photometry of OGLE-TR-10 during transits of its giant planet. From our observations, we estimate the radius of the planet to be 1.16 ± 0.05 times the radius of Jupiter, assuming a stellar mass of M ⋆ = 1.02 M ⊙ . This is smaller than previous estimates that were based on lower-precision data, and hence the planet is not as anomalous as was once believed. We provide updated determinations of all the system parameters based on a joint analysis of our photometry and the star's radial velocity variations.
Introduction
Apart from Mercury and Venus, we know of 7 planets that transit their parent stars as viewed from Earth. One of these extrasolar planets was discovered by observing radial velocity variations of the parent star and then searching for the photometric signal of transits (Mazeh et al. 2000 , Charbonneau et al. 2000 , Henry et al. 2000 . In the other cases, the photometric signals were discovered first, and then confirmed as planetary transits through radial velocity studies (Udalski et al. 2002; Bouchy et al. 2004 Bouchy et al. , 2005 Konacki et al. 2003 Konacki et al. , 2004 Konacki et al. , 2005 Alonso et al. 2004; Pont et al. 2004 ). Regardless of the order of events, the combination of photometry and dynamical measurements allows the mass and radius of the planet (and hence its mean density) to be determined. This has given us the first clues about the interior structures of these other worlds. Most of the transiting extrasolar planets have mean densities between 0.6 and 1.2 g cm −3 , suggesting they are not too different from the well-studied gas giants Saturn (0.7 g cm −3 ) and Jupiter (1.3 g cm −3 ). However, the first transiting planet that was discovered, HD 209458b, has a much smaller density of 0.33 g cm −3 (Henry et al. 2000; Charbonneau et al. 2000 ; for the most recent analyses see Winn et al. 2005 and Wittenmyer et al. 2005) . This anomaly has led to speculation about novel sources of internal heat, such as eccentricity damping (Bodenheimer et al. 2001) , insolation-driven weather patterns (Guillot & Showman 2002) , and obliquity tides (Winn & Holman 2005) . Thus the recent discovery of the transiting planet OGLE-TR-10b, with the anomalously small density of 0.38 ± 0.10 g cm −3 , was greeted with considerable interest (Konacki et al. 2005 , Bouchy et al. 2005 ).
Here we present higher-precision photometry of transits of OGLE-TR-10. Our observations and data reduction procedures are described in § 2. In order to determine the system parameters, including the planetary radius, we fitted a model to the flux measurements and the previously reported radial velocity measurements. This model is described in § 3, followed by the results in § 4 and a brief discussion in § 5.
The Observations and Data Reduction
We observed OGLE-TR-10 at Las Campanas Observatory on three nights with MagIC 1 , a 2048 2 optical CCD camera, mounted at a Nasmyth focus of the Magellan II (Clay) 6.5m telescope. A full transit was observed on UT 2003 May 2, and partial transits were observed on UT 2003 July 28 and UT 2003 July 31. We alternated between observations in Johnson-Cousins B and I filters, using a typical exposure time of 30-60 s and a readout time of 25 s. The seeing varied from 0.4-2 ′′ .
The B images were corrected for amplifier crosstalk by assuming the crosstalk to be linear and deriving correction coefficients from saturated exposures of bright stars. (For the I images, the crosstalk correction did not result in noticeable improvement, and was not used in the final analysis.) All images were overscansubtracted, trimmed, and divided by a flat-field image with standard IRAF 2 routines. A low-amplitude herringbone pattern was evident in the images, which repeats in each of the 4 quadrants of an individual exposure, but varies randomly between images. This is a known problem with MagIC resulting from 60 Hz noise. For each image, we created a herringbone template by taking the median of the four quadrants after masking the stars and applying a narrow-band 60 Hz Fourier filter. We then subtracted the isolated and purified herringbone pattern from the images. A shutter correction was applied, and bad pixels were assigned values based on linear interpolation of neighboring pixel values. All the images taken with a common filter were placed on the same coordinate frame by linear transformation.
To perform photometry, we used the method of image subtraction (Alard & Lupton 1998 , Alard 2000 . For each time series, a reference image was created from the 15-20 best images. The ISIS 2.1 software solves for the best-fitting transformation kernel to match the PSF of each image to that of the reference image, and then performs the subtraction. Aperture photometry is then carried out on the difference images. To convert the differential flux units into magnitudes, we derived the normalizing flux in the reference images using DAOPHOT (Stetson 1987 ; see e.g. Hartman et al. 2004 ) Flux errors are estimated as the quadrature sum of the shot noise and 0.5% (the latter is intended to account for systematic effects). A few points were excluded when bad columns or poor tracking caused problems. Fig. 1 shows the resulting light curves, after converting the times to orbital phases using the best-fitting model described in the next section.
The Model
We determined the system parameters of OGLE-TR-10 by fitting a model to our B and I band photometry, and the radial velocity measurements reported by Konacki et al. (2005) and Bouchy et al. (2005) . Our model and fitting algorithm are simplified versions of those employed by Winn et al. (2005) . The model posits a circular Keplerian orbit of a star with mass M ⋆ and radius R ⋆ , and a planet with mass M P and radius R P . The orbital period is P and its inclination relative to the sky plane is I. The initial condition is specified by a particular transit time T c . At any time, the model radial velocity is γ + ∆v r , where γ is a free parameter representing the heliocentric radial velocity of the center-of-mass, and ∆v r is the line-of-sight projection of the orbital velocity of the star. The model flux is unity outside of transit, and is otherwise computed using a quadratic limb darkening law,
2 , in the "small planet" approximation (see, e.g., Mandel & Agol 2002) . We ignore any eccentricity since it should be damped by tidal interactions (see, e.g., Rasio et al. 1996; Trilling 2000; Dobbs-Dixon, Lin, & Mardling 2004) , and we ignore the Rossiter-McLaughlin effect (Queloz et al. 2002; Ohta, Taruya, & Suto 2004; Winn et al. 2005) . We allow the data from each spectrograph (HIRES, UVES, and FLAMES) to have an independent value of γ, to account for calibration differences. We allow the photometry on each night (and in each filter) to have an independent magnitude offset and airmass term. Because of the well known degeneracies
) and allow all other parameters to vary. We hold the limb darkening parameters fixed at u 1 = 0.64, u 2 = 0.18 in B; and u 1 = 0.25, u 2 = 0.33 in I, as appropriate for a star with the assumed properties and a microturbulent velocity of 2 km s −1 (Claret 2000) .
The goodness-of-fit parameter is
where v O and v C are the observed and calculated radial velocities, of which there are N v = 23, and f O and f C are the observed and calculated fluxes, of which there are N f = 232. We minimize χ 2 using an AMOEBA algorithm (Press et al. 1992) . As a first step, we found the best-fitting model and rejected 6 outlier fluxes using Chauvenet's criterion. We then re-optimized the parameters to find the best-fitting model. We estimated the uncertainties in the parameters using a Monte Carlo algorithm, in which 10 4 synthetic data sets with N v = 23 and N f = 226 were generated by random draws (with replacement) from the original data sets. The parameters were re-optimized for each synthetic data set, and the distribution of best-fitting values was taken to be the joint probability distribution of the parameters.
The Results
The results are given in Table 1 and plotted in Fig. 1 . The best-fitting model has χ 2 = 210 with 228 degrees of freedom. For the B-band, the standard deviation of the residuals in relative flux units is 1.3 mmag. That for the I-band is 0.77 mmag. The I-band residuals shown in Fig. 2 are not random; presumably the small-amplitude, 0.5-hr undulations are due to variations in the atmosphere (such as fringing and chromatic dispersion) or instrumental variations. Most likely, the nearly-ideal value of χ 2 /N DOF = 0.92 hides an overestimate of the B-band uncertainties and an underestimate of the I-band uncertainties.
Some of the parameters have correlated uncertainties, as shown in Fig. 2 . In addition to showing correlations among the model parameters, Fig. 2 shows the distributions for three of the fundamental observables in the transit light curve: the fractional flux decrement (the transit depth), the star-crossing time (the transit duration), and the ratio of planet-crossing to star-crossing times (the ratio of either ingress or egress durations to the transit duration).
3 Limb darkening and measurement noise both act to prevent a perfectly clean separation of these quantities. Monte Carlo realizations. The density of points is proportional to the probability density. The light-colored contours are isoprobability contours enclosing 68% of the points. Results are shown for the specific choice M ⋆ /M ⊙ = 1.02.
Results
Our result for the mass of the planet is consistent with previous results. This is not surprising, since that parameter depends entirely on the previously published and analyzed radial velocity measurements. However, we have decreased the uncertainties in the photometry-dependent parameters, and some of our results conflict with the previous results that were based on OGLE photometry. In particular, we derive an ephemeris of T c = 2, 452, 761.80769 ± 0.00080 [HJD] P = 3.101269 ± 0.000040 days.
( 2) This estimate of the period is determined by fitting a model to our photometry and also the radial velocities, which cover a long time span. This period estimate is smaller by 3 σ than the Konacki et al. (2005) period, which was determined from the OGLE photometry alone. By comparing our value of T c with the OGLE value, we compute an average period of 
which has a 1 σ uncertainty of 0.000013 days. There may be a systematic error of order 3 seconds (3 × 10 −5 days) in our measurement of T c , due to a delay between the opening of the shutter and the recording of the time, but we have not verified or attempted to correct for this delay.
Our estimate of the planetary radius is smaller than the previous estimates of R P /R Jup = 1.24 ± 0.09 (Konacki et al. 2005 ) and 1.54 ± 0.12 ), both of which were based on OGLE photometry. In the former case, the 1 σ discrepancy is explained by the apparently larger value of the flux decrement in the OGLE photometry (see Fig. 1 ), and the assumption by Konacki et al. (2005) that R ⋆ /R ⊙ = 1.0. We do not know why the OGLE photometry shows a larger decrement. We note only that one would expect our data to be more trustworthy, since it has higher precision, and since the OGLE data were collected over a greater number of different nights, with consequent variations in data quality and systematic effects. The OGLE team has consistently provided outstanding survey data, but the data are necessarily reduced through a bulk photometry pipeline, as opposed to the individual attention we have lavished on OGLE-TR-10. The discrepancy with Bouchy et al. (2004) is partly for this same reason, and partly because they assumed a larger value for the stellar radius.
What are the best estimates of the stellar mass and radius? Bouchy et al. (2005) measured a larger effective temperature and a lower metallicity than Konacki et al. (2005) , which led to significantly different estimates for the stellar radius and mass. Through a correspondence and data exchange between both sets of authors, we believe the discrepancy has been resolved, and the concordant estimate of the stellar mass is M ⋆ /M ⊙ = 1.02 ± 0.06. To this should be added a systematic error of ≈0.05 due to the unknown helium abundance and convective mixing-length parameter. The theoretical radius estimate is R ⋆ /R ⊙ = 1.05 +0.30 −0.10 . As explained in § 2, our procedure was to assume M ⋆ /M ⊙ = 1.02 and allow the stellar radius to be a free parameter. The result was R ⋆ /R ⊙ = 1.18 ± 0.04, which is consistent with the theoretical expectation.
Discussion
Our results provide further evidence that the transits of OGLE-TR-10 are caused by a short-period planetary companion. The light curves have a flat bottom, a feature that is inconsistent with most of the alternative hypotheses involving blends of an eclipsing binary. As further evidence against a blend, OGLE-TR-10 appears unresolved even in the images with the best seeing (0.
′′ 5).
It was previously thought that OGLE-TR-10b has a radius that is significantly larger than predicted by models of strongly irradiated gas giants. This would make it similar to HD 209458b, and perhaps even herald a new subclass of planets that share a mysterious internal heating mechanism. This speculation, presented by Konacki et al. (2005) , was confirmed in a theoretical study by Baraffe et al. (2005) , who found that the measured radii of all the transiting planets could be easily explained except for HD 209458b and OGLE-TR-10. Likewise, Gaudi (2005) showed through simple arguments that one would expect the transit-measured radius of OGLE-TR-10 to be approximately 1 Jupiter radius, in conflict with the previous estimates. Our work has removed any reason to believe that OGLE-TR-10 has an anomalously large radius, and leaves HD 209458b as the only clearly anomalous case.
We believe that this demonstrates the value of high-precision, high-cadence photometric follow-up observations of transiting planets and planet candidates. In addition, the observation of multiple transits allows the ephemeris to be refined, which in turn enables the search for period variations and other perturbations that may indicate additional planetary companions (Miralde-Escudé 2002 , Holman & Murray 2005 , Agol et al. 2005 . Note. -These results are based upon the assumption M ⋆ /M ⊙ = 1.02 exactly. There are additional systematic uncertainties due to the uncertainty in the stellar mass, M ⋆ /M ⊙ = 1.02 ± 0.06 (stat.) ± 0.05 (sys.). Assuming that the statistical and systematic errors add in quadrature, the total uncertainty in M ⋆ /M ⊙ is approximately 8%, and the corresponding systematic uncertainties in M P , R ⋆ , and R P are approximately 5%, 3%, and 3%, respectively.
